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ported range of effects from negative to positive. In this study, photosynthetic characteristics such as chlorophyll
ﬂuorescence (Fv/Fm), photosynthetic capacity, and stomata conductance were determined in two types of fruit-
like galls (red ovoid and green obovate galls) induced by Daphnephila taiwanensis and Daphnephila sueyenae, re-
spectively, in order to investigate whether the number of galls affects the photosynthesis of galled leaves of
Machilus thunbergii. In 2008, chlorophyll ﬂuorescence and photosynthetic capacity were negatively correlated
with gall numbers, non-signiﬁcantly and signiﬁcantly, respectively,whereas stomata conductancewas positively
but non-signiﬁcantly correlated with gall numbers. In 2009, photosynthesis capacity and stomata conductance
were negatively, but non-signiﬁcantly, correlated with gall numbers. Results imply that photosynthesis in M.
thunbergii leaves is slightly affected by the number of cecidomyiid insect galls, and that the higher the gall num-
ber, the greater the negative effect that galls have on host leaf photosynthesis and subsequent infection.
© 2013 The Authors. Published by Elsevier B.V. on behalf of Korean Society of Applied Entomology, Taiwan
Entomological Society and Malaysian Plant Protection Society. Open access under CC BY-NC-ND license.Introduction
Insect-induced galls are an atypical growth and differentiation form of
plant tissue. Gall inducers use these new structures as shelters for protec-
tion and sources of nutrition. Galls cause multiple physiological changes
in host plants such as changes in pH and polarity, excess sugars and free
amino acids, alterations in nutrient composition, deﬁciencies in pig-
ment–protein complexes, lower chlorophyll and carotenoid content,
and a higher content of secondary metabolites, all of which may impact
the photosynthetic capacity of host leaves (Stone and Schönrogge,
2003; Yang et al., 2003, 2007;Motta et al., 2005;Huang et al., 2009, 2011).
Machilus thunbergii is an abundant and common subtropical tree
species that is widely distributed in Asia. It is located 200–2000 m
above sea level (asl) in Taiwan, and can grow to 18–20 m tall with pro-
fuse branching (Wu et al. 2006). Gall midges of the Cecidomyiidae are a
major group of gall inducers, and most of them are highly host-speciﬁc.
In Taiwan, ﬁve of eleven gall types found in Machilus, are induced by
Daphnephilamidges and are considered new species (Yang et al. 2002,886 2 23142234.
886 2 29312904.
), cmyang@gate.sinica.edu.tw
. on behalf of Korean Society of AppTokuda et al. 2008). Among them, both ovoid and obovate types of
galls were assessed in the present study. Ovoid galls are induced by
Daphnephila taiwanensis. Obovate galls are induced by Daphnephila
sueyenae (Tokuda et al. 2008). According to our ﬁeld observations,
larvae hatch from eggs in the spring, mine directly into leaf tissue, and
stay undeveloped until fall. Galls then begin to develop around October
and mature soon thereafter. Larvae develop into the second and third
instars in mature galls and emerge in the early spring of the following
year (Huang et al. 2009).
Previous studies on the impacts on host leaf photosynthesis by gall-
formers do not suggest any general trends,which have been reported to
have a range of effects from negative to positive (Yang et al., 2003). No
conﬁrmation of this has been published in the past ten years, leaving the
issue unresolved.
Regardless of whether net photosynthesis is directly measured in
galls or estimated from radioactive labeling experiments, the photosyn-
thetic rates of galls are usually much lower than in normal leaf tissues
(Dorchin et al., 2006). A lower photosystem (PS) II efﬁciency, as deter-
mined by chlorophyll ﬂuorescence (Fv/Fm), was found in Cecidomyia
midge galls on Carya glabra leaves, Cynipid wasp galls on Quercus
velutina leaves, and Eriophyidae mite galls on Ulmus alata leaves com-
pared to uninfected tissues of those leaf surfaces (Aldea et al., 2006).
The photosynthetic rates of galled leaves as measured by gas ex-
change were reduced in comparison to ungalled leaves on naturally
growing Prunus serotina and Rhus glabra (Larson, 1998). Water poten-
tial, photosynthetic rate (indicated by gas exchange), transpiration,lied Entomology, Taiwan Entomological Society and Malaysian Plant Protection Society.
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strenuana galls were found on Parthenium hysterophorus (Florentine
et al., 2005).
In contrast to the above, Acacia pycnantha phyllodes hosting
wasp-induced galls had higher photosynthetic rates than similarly-
aged phyllodes without galls, as indicated by gas exchange experi-
ments (Dorchin et al., 2006). Photosynthesis (indicated by gas
exchange), stomata conductance, and water potential were also
increased on Silphium integrifolium leaves hosting Antistrophus
silphii galls in comparison to ungalled shoots (Fay et al., 1996).
Scale insects on the leaves of Ilex aquifolium can also cause higher
PSΙΙ energy transduction efﬁciencies in affected than uninfected tis-
sues, as indicated by chlorophyll ﬂuorescence (Fv/Fm) (Retuerto
et al., 2004).
Additionally, several other studies suggest that no general trends
have been found in the impacts of gall-formers on host leaf photosyn-
thesis (Andersen and Mizell, 1987; Fay et al., 1993; Bagatto et al.,
1996). Apparently, the way that insect-induced galls affect the photo-
synthesis of galled and ungalled leaves is interesting and still under dis-
pute. In this study, therefore, we determined several photosynthetic
characteristics of host leaves galled with various numbers of galls.Materials and method
Plant and galls
Red ovoid galls induced byD. taiwanensis and green obovate galls in-
duced by D. sueyenae were obtained from the Yangmingshan National
Park located in the north-western part of Taipei, Taiwan. The healthy
portions of galled leaves hosting various numbers of galls onMachilus
thunbergii trees in theﬁeldwere used for the study (Fig. 1).We sampled
trees for each of the two types of galls and also collected data from gall-
infected leaf from each set in the early springs of 2008 and 2009, when
the galls were mature. Leaves with one species and two species of gall
insects were randomly chosen for measurements.A B
Fig. 1. Themorphology of green obovate and red ovoid galls residing onMachilus thunbergii hos
or ovoid-shaped galls, respectively; B,M. thunbergii leaf on which both galls were induced. ScaPhotosynthetic capacity and Fv/Fm
Photosynthetic capacity was measured at saturating light intensi-
ties under 800 μmol m−2 s−1 photosynthetic photon ﬂux density
(PPFD) at ambient temperature. All measurements were taken be-
fore 11:00 a.m. to avoid the midday depression in photosynthesis.
Chlorophyll ﬂuorescence was detected at dawn on dark-adapted
galls for 20 min with leaf clips and uninfected tissues of the same leaf at
ambient temperaturewith a Pocket Plant Efﬁciency Analyzer (Hansatech,
U.K.). The maximum quantum efﬁciency of PSII (Fv/Fm) was calculated
from(Fm − Fo) / Fm,where Fo, Fm, and Fv are backgroundﬂuorescence,
maximum dark-adapted ﬂuorescence, and maximum variable ﬂuores-
cence, respectively (Weng et al., 2006). In our 2008 study, 93 leaves
with varying numbers of galls (0–26) were assessed for chlorophyll
ﬂuorescence as presented by Fv/Fm.
Statistical analysis
Differences in photosynthetic parameters among tissues were ex-
amined using a completely randomized analysis of variance. The rela-
tionships between parameters were examined using simple linear
regression models. All statistical analyses were conducted using JMP
software, version 5.01 (SAS Institute; Cary, NC).
Results and discussion
We previously studied Fv/Fm and PSII values in three types of leaves
on M. thunbergii. These were galled (GL) and gall-free leaves (GS) on
galled shoots, and gall-free leaves on gall-free shoots (FS). Fv/Fm values
in these three types were signiﬁcantly higher than in green obovate-
and red ovoid-shaped galls, and no signiﬁcant differences in Fv/Fm
were observed among GL, GS, and FS leaves. These results suggest that
PSII efﬁciency in galled and ungalled leaves of M. thunbergii may not
be affected by galling (data not show). In our study, most (82/93) of
the Fv/Fm values were between 0.75 and 0.80, which is normal basedC
t leaves. Pictureswere taken in the lab. A and C,M. thunbergii leaf infested by only obovate-
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Fig. 2. Effects of gall numbers on chlorophyll ﬂuorescence (Fv/Fm) of infested Machilus
thunbergii host leaves conducted in 2008. ns: non-signiﬁcant difference.
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negatively but non-signiﬁcantly correlatedwith gall number, indicating
that chlorophyll ﬂuorescence might slightly decline as gall numbers
increase on a leaf. This suggests that the energy transduction efﬁciency
of PSII in galled leaves was only slightly affected by any number of galls,
regardless of whether there were one or two types of gall, and the effect
was increasingly negative as the gall numbers rose.
The photosynthetic capacities determined in 2008 and 2009 were
negatively correlated with gall numbers signiﬁcantly and non-
signiﬁcantly, respectively (Fig. 3A). Numbers of the two type's galls
were never more than ﬁve being found in the ﬁeld in 2009. The average
value of photosynthetic capacity was higher in 2008 than in 2009.Ph
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Fig. 3. Effects of gall number on photosynthetic capacity (A) and stomata conductance
(B) of infected Machilus thunbergii host leaves in 2008 and 2009. *: p b 0.05. ns: non-
signiﬁcant difference.Photosynthetic capacity has negative and signiﬁcant relationships
with gall numbers for the 2008 and negative and non-signiﬁcant for
the 2009. This indicates that the photosynthetic capacity of galled leaves
declined as gall numbers increased whether there was one type of gall
or two, or more, and that the effect will be increasingly negative as
gall numbers rise, similar to the correlation between chlorophyll ﬂuo-
rescence and gall number. It is speculated that fewer galls resulted in
the non-signiﬁcant correlation with photosynthetic capacity in 2009.
The cause(s) of fewer galls and lower photosynthetic capacity in 2009
is unknown.
The stomata conductance values for 2008 and 2009 were correlated
with gall numbers positively and negatively, respectively, and non-
signiﬁcantly (Fig. 3B). Stomata conductance was higher in 2008 than
in 2009 for the same reasonmentioned above for photosynthetic capac-
ity. This indicates that stomata conductance in galled leaves on M.
thunbergii also declined as gall numbers increased whether there was
one type of gall or two. This negative effect is more apparent as gall
numbers increase, similar to the correlations between chlorophyll ﬂuo-
rescence versus photosynthetic capacity and gall numbers.
The data imply that the chlorophyll ﬂuorescence, photosynthetic ca-
pacity, and stomata conductance of galled leaves ofM. thunbergii are af-
fected by cecidomyiid insect gall numbers, and that increasingly greater
gall numberswill result in increasingly negative photosynthetic charac-
teristics of host leaves and levels of infection following insect attack. To-
gether with the data in the literature, there are apparently two blocks of
experts in cecidology involved in the debate, one found to increase and
another to decrease. As mentioned in the Introduction section, we
predict that there are different models used by galled leaves to mini-
mize associated damages, depending on the host plants and the type
of gall insects. More research is required to address these issues.References
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